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T he management of blunt cerebrovascular injuries (BCVIs) remains controversial; however, antiplatelet agents or anticoagulant medications continue to be first-line treatments, with endovascular stenting typically reserved for symptomatic or certain higher-grade injuries. 5, 7, 8, 14, 19, 28 Although our earlier reports explored blunt vertebral artery injuries (BVAIs) and lower-grade blunt carotid artery injuries (BCAIs), this article evaluates the higher-grade BCAIs (Grade 3 and 4). Imaging, progression of injury, and outcomes of these high-grade BCAIs were analyzed to gain a better understanding of their natural history and to assist in establishing a rational management plan based on their progression and risk of cerebral infarction.
methods
We performed a retrospective review of a prospectively maintained database of all traumatic carotid and vertebral artery injuries at our Level I trauma center (Parkland Memorial Hospital, Dallas, TX). The focus of this was on the Grade 3 and 4 BCAIs. We suspect that lower-grade injuries may exhibit a more benign behavior compared with higher-grade injuries; therefore, our aim for the Parkland Carotid and Vertebral Artery Injury Survey (PCVAIS) was to categorize and report on these injuries separately.
Screening for BCVIs at our institution occurs through a modification of the Denver Criteria. Any patient found to have cervical spine fractures involving the vertebral body or pedicle, basilar skull fractures involving the carotid canal or petrous bone, Le Fort II or III fractures, and a Glasgow Comma Scale Score < 7 without obvious CT-documented cerebral injury, and/or near hanging/ strangulation with a ligature mark/contusion undergoes cervical CT angiography (CTA) screening to rule out a vascular injury. Although variability exists between providers and clinical scenarios, the desired radiographic follow-up examination includes a repeat head and neck CTA at 1-week, 1-month, and 3-month intervals as long as the injury remained present.
Grade 1 injuries are defined as a vessel lumen stenosis of less than 25% and Grade 2 injuries as a stenosis of the vessel lumen between 25% and 50%. We define Grade 3 injuries as stenosis of the vessel greater than 50% or the development of a pseudoaneurysm, and Grade 4 injuries as vessel occlusion. 3 Grade 5 injuries are complete transections of the artery. All CTA images were assessed by a staff member from our department of neuroradiology. A staff neurosurgeon confirmed all injuries and decided on the desired treatment and follow-up examination. Only blunt injuries were evaluated. Patients with vascular injuries due to penetrating trauma were not included in this analysis.
Data, including age, sex, mechanism of injury, presence or absence of a cervical fracture, and other traumatic injuries within the proximity of the neck (e.g., occipital condyle fracture, first rib fracture, etc.), were recorded. Imaging studies (e.g., CTA, digital subtraction angiography [DSA]) were reviewed, and we documented the number of images acquired for each individual, the length of time between imaging sessions, and radiographic outcomes at the end of the follow-up period. Treatment(s) was recorded. The pres-ence of cerebral infarction was confirmed by clinical presentation and neuroimaging.
results
From August 2003 to April 2013, there were 537 recorded cases of blunt cervical vascular injuries, which included 241 BCAIs (45%) and 296 BVAIs (55%). Of these cases, there were 68 Grade 3 BCAIs in 57 patients. This comprised 13% of all blunt cervical vascular injuries and 28% of all BVAIs. Of these 57 patients, 44 patients with 53 Grade 3 BCAIs were available for follow-up examination, and their data were analyzed further in this study. There were 21 left-sided, 14 right-sided, and 9 bilateral Grade 3 BCAIs. There were 23 male and 21 female patients. The mean age of the patients with Grade 3 BCAIs was 35 years (range 16-66 years). There were 8 patients with Grade 4 BCAIs; 5 of these patients were available for follow-up. There were 3 left-sided and 2 right-sided Grade 4 BCAIs in 4 male patients and 1 female, whose average age was 21 years (range 18-24 years). Table 1 provides a summary of additional demographic and injury-related information for the Grade 4 BCAIs.
Fourteen patients were excluded from the Grade 3 BCAI group. Six of the excluded individuals, with a mean age of 40 years (range 21-85 years), were either dead on arrival (n = 2) or died shortly after admission (n = 4). In the 4 who died shortly after admission, the cause was severe traumatic brain injury or other type of traumatic injury. Eight excluded patients were lost to follow-up but had been hospitalized for a mean of 13 days (range 1-60 days). The 3 patients excluded from the Grade 4 BCAI group were older on average, with a mean age of 64 years (range 35-82 years). All 3 individuals presented with a Glasgow Coma Scale score of 3-4, and all were pronounced dead either on arrival or shortly after hospital admission ( Table 1) .
The mechanism of injury for the 44 patients with Grade 3 BCAIs was motor vehicle collision (MVC) in 29 patients (66%), motor vehicle-pedestrian collision in 6 patients (14%), motorcycle collision in 2 patients, fall in 3 patients, assault in 3 patients, and an all-terrain vehicle accident in 1 patient. In the 5 Grade 4 BCAIs that were followed, the mechanism of injury was MVC in 3 cases, motor vehiclepedestrian collision in 1 case, and a fall in 1 case.
Of the 44 patients with Grade 3 BCAIs, 17 (39%) had an isolated, single-sided Grade 3 BCAI, whereas 27 patients (61%) presented with multiple cervical vascular injuries (an additional ipsilateral and/or contralateral BCAI and/or BVAI). The distribution of other vascular injuries is shown in Table 2 . Cervical fractures were present in 13 patients (30%). Skull base fractures were present in 12 patients (27%), with only 4 of these patients demonstrating involvement of the carotid canal. First rib fractures were present in 7 patients (16%), ipsilateral occipital condyle fractures were present in 5 patients (11%), and ipsilateral mandibular fractures were present in 2 patients (5%), with 1 of these fractures in close proximity to the vascular lesion. Although only 20% of the Grade 4 BCAI follow-up group had cervical fractures, 80% harbored skull base fractures, with only 1 patient demonstrating involvement of the carotid canal. In 1 case, there was an ipsilateral mandible fracture present in proximity to the vascular lesion.
In the Grade 3 BCAI group, there were 33 patients who were evaluated solely with CTA: 6 patients received 2 scans, 13 patients received 3 scans, 4 patients received 4 scans, 7 patients received 5 scans, 2 patients received 6 scans, and 1 patient received 7 scans. The remaining patients underwent a combination of CTA and DSA. Eight of those patients also received endovascular treatment: stenting in 7 and coil embolization in 1. DSA was more likely to be performed early in our experience (between 2003 and 2007); its use decreased thereafter (once in 2009, once in 2010, and once in 2012). Likewise, endovascular intervention was performed early in our experience, with the majority of interventions occurring between 2003 and 2005. Stenting was performed for the following reasons: increased size of the pseudoaneurysm seen on the first follow-up scan in 5 patients (71%) and progressive pseudoaneurysm-related stenosis in 1 patient; in 1 patient, endovascular stenting of the affected vessel was performed soon after the diagnosis of the Grade 3 BCAI and before follow-up imaging. The one case in which coil embolization was performed occurred in 2005, soon after the patient was diagnosed with Grade 3 BCAI and before follow-up imaging.
On final imaging of the 53 Grade 3 BCAIs, 6 showed complete resolution (11%), 6 showed radiographic improvement (11%; 3 showed a reduction in grade, and 3 showed a decrease in the size of the pseudoaneurysm), and 28 were radiographically stable (53%); however, in 8 of these cases, the stability seemed to be the result of an endovascular pro-cedure. Twelve of the injuries exhibited radiographic worsening, as defined by increasing pseudoaneurysm size, and in 5 of these cases, endovascular stenting was performed as result of this worsening. In one patient, the injured artery worsened by a grade (progression to a Grade 4 BCAI), which was noted on the first follow-up CTA image. In this latter case, the Grade 4 injury improved subsequently to a Grade 3 BCAI at the third follow-up imaging session and the lesion remained stable thereafter. Table 3 shows the status of the Grade 3 injuries at 7-10 days postoperatively and at final imaging follow-up. The average duration of follow-up in the Grade 3 BCAI group was 113 days (range 7-960 days). As depicted in Table 1 , final imaging of the Grade 4 BCAI follow-up group showed that 60% of the lesions were stable (with persistent occlusion), whereas the remaining cases improved in grade, thus demonstrating recanalization of the affected vessel (with 1 case improving to a Grade 1 injury and 1 case improving to a Grade 3 injury, and neither patient presenting with adverse clinical symptoms as a result of the recanalization).
With regard to treatment for Grade 3 BCAIs, 33 patients received ASA alone; 1 patient received ASA and clopidogrel, then transitioned to Coumadin; 1 patient received ASA and clopidogrel; and 1 patient received no treatment. The 8 patients who received endovascular treatment continued treatment with ASA, and in those patients who underwent stenting, treatment with clopidogrel was scheduled for 6 months after the procedure. As depicted in Table 1 , all of the patients in the Grade 4 BCAI follow-up group were treated with ASA. In the isolated case that was associated with cerebral infarction, the ASA was transitioned to Coumadin. There were 16 patients with Grade 3 BCAI who underwent additional neuroimaging for evaluation of trauma or symptoms of infarction. Seven of these patients had a Grade 3 BCAI with a pseudoaneurysm-associated vessel stenosis greater than 50%, and 2 of those patients were found to have cerebral infarction. Nine patients had a Grade 3 BCAI with a pseudoaneurysm-associated vessel stenosis of less than 50%, and 1 of those patients was found to have cerebral infarction. Thus, of the 16 patients who underwent posttraumatic imaging for symptomatology or further evaluation, there were 3 cases of identified cerebral infarction (7% of the Grade 3 BCAI follow-up group) that appeared to be related to the BCAI. There was 1 case of cerebral infarction identified in the Grade 4 BCAI followup group. The first identified case of stroke in the Grade 3 BCAI group occurred in 2005 in a 25-year-old man involved in an MVC. He was found to have a right occipital condyle fracture, multiple facial fractures, and a right-sided Grade 3 BCAI between C-1 and the skull base. He did not have any neurological symptoms, and his admission head CT scan did not demonstrate any hypodensities to suggest infarction. He was taken for angiography later that day to allow for additional characterization of the vascular lesion. No endovascular intervention was performed, and he was started on ASA and clopidogrel. He underwent routine head CT scanning the next day, which revealed several asymptomatic, subcentimeter subcortical right frontal and occipital-parietal hypodensities. Although it was arguable whether these infarctions were the result of the procedure, no subsequent MRI was performed, and the patient was discharged 1 week later to his home in stable condition. Follow-up imaging demonstrated stability of his vascular lesion. The second case occurred in 2011 in a 59-year-old woman involved in an MVC who sustained stable fractures of C-2 and C-7 that did not require surgery and a rightsided Grade 3 BCAI between C-1 and the skull base. Treatment with ASA was initiated soon after admission, and on Day 2 of hospitalization, the patient underwent brain MRI to determine the cause of progressive right-arm weakness, which was noted to have developed soon after her admission. The MR image demonstrated an isolated, subcentimeter, right frontal subcortical infarction, which was not believed to correlate with her complaints. The patient's arm weakness resolved shortly thereafter. She was followed up for 1 year and underwent CTA on 5 subsequent occasions, and although the lesion did increase slightly in size compared to the first follow-up image, it was found to be stable on all subsequent imaging. The third case of cerebral infarction occurred in 2012 in a 36-year-old man involved in an all-terrain vehicle accident who presented with a significant left hemiparesis. He was found to have an isolated right-sided Grade 3 BCAI near the skull base, and admission head CT scanning demonstrated profound hypodensity within the right middle cerebral artery distribution. No other significant traumatic findings were identified, and the patient began treatment with ASA and was monitored in the intensive care unit. His neurological exam remained stable, and he was discharged to inpatient rehabilitation. The patient was followed up for 5 months and underwent CTA 3 additional times, which demonstrated improvement in the size of the pseudoaneurysm but persistence of the lesion overall. The Grade 4 BCAI occurred in 2005 in a 24-year-old man who was involved in an MVC and sustained extensive skull base fractures and a right-sided carotid artery occlusion that extended from C-3 to the skull base. His admission head CT scan demonstrated subtle right frontal hypodensity, and the patient began treatment with ASA. Brain MRI was performed on hospital Day 2, and this confirmed a moderately sized right frontal cerebral infarction. No endovascular interventions were performed; however, the lesion was further characterized and confirmed with angiography later that day, and the patient was transitioned subsequently to Coumadin. There were no obvious neurological sequelae as a result of this infarction, and the patient was discharged in stable condition. He was followed up closely for 2 months and underwent CTA 3 additional times during the follow-up period, all of which demonstrated a stable occlusion of the right carotid vessel.
discussion
Since the 1990s, BCVI research has led to an increase in screening protocols and treatment strategies for this type of injury. Disagreement persists regarding the appropriate screening methods, treatment, and follow-up examinations of these traumatic vascular injuries. Common parameters for BCVI screening include cases of symptomatic ischemic injuries, asymptomatic Le Fort II/III fractures, cervical spine fractures, Horner's syndrome, foramen lacerum fractures, neck soft-tissue injury, or unexplained ischemic events. 4, 12 There have also been case reports of BCVI arising from more benign torsion injuries, such as those reported from common activities such as yoga. [22] [23] [24] At our institution, trauma patients meeting the criteria for BCVI screening undergo CTA. Formerly considered the gold standard, DSA has been supplanted by CTA as the standard in our center because of the compelling evidence on the topic. 2, 6, 9, 15, 21, 22 Biffl et al. 5 evaluated the progression of BCVI in a sequential DSA study examining both vertebral and carotid artery injuries together as a cohort. In this study, DSA was performed immediately upon admission and then again 7-10 days after admission. The authors found that only 1% of the Grade 3 BCVIs resolved, whereas the remainder were unchanged, and that 9% of the Grade 4 BCVIs resolved, whereas 82% remained unchanged. Because this study combined both carotid and vertebral artery injuries for evaluation, it is difficult to make exact correlations to our current study examining high-grade BCAIs. In addition, we defined improvement as a decrease in pseudoaneurysm size, whereas Biffl et al. did not take this into consideration. Our study demonstrated somewhat similar findings, however, in that the majority (53%) of Grade 3 BCAIs remained unchanged at final imaging; however, 22% of injured arteries did exhibit either improvement or, to a lesser extent, complete resolution, whereas 25% demonstrated worsening of the pseudoaneurysm. Likewise, as noticed in our previous investigation of Grade 1 and 2 BCAIs, 25 the majority of low-grade BCAIs that demonstrated a radiographic worsening to a Grade 3 did not resolve or subsequently improve to a lesser grade but stabilized at this higher grade, correlating with this current study, which shows that at final follow-up examination, 89% of Grade 3 injuries persisted to variable degrees.
In general, the greatest concern regarding BCVIs, including the high-grade BCAIs, is the risk of cerebral infarction; however, reports have suggested that the risk of ischemic stroke after BCVI may be quite low. Griessenauer et al. 12 examined the outcomes of 112 patients with BCVI. They included both blunt carotid and vertebral artery injuries of various grades and identified only one case of ischemic stroke caused by BCVI. From the available literature, however, it is difficult to determine the true rate of BCVI-related ischemic strokes, which has been reported to be as low as 0.05% and as high as 50%. 10, 12, 14, 16 In this current study examining high-grade BCAI, we identified 3 patients (7%) who presented with a Grade 3 BCAI-related stroke and 1 patient who presented with a Grade 4 BCAIrelated stroke. These higher-grade BCAIs have thus posed the greatest risk of cerebral infarction in our PCVAIS study. [25] [26] [27] An earlier study from our institution by Eastman et al. 10 examined 26 patients with either a BCAI and/ or a BVAI (3 of those patients had a Grade 3 or 4 BCAI) and found a stroke rate of 3.8% (1/26). The cerebral infarction in this study was identified in a patient with a Grade 3 injury. Griessenauer et al. 12 concluded that most ischemic strokes occur before initial screening with CTA and before treatment with an antiplatelet medication, indicating that follow-up imaging may not aid in preventing most ischemic strokes. We have noticed similar findings thus far in our BCVI analysis, with the majority if not all of the identified strokes presenting soon after admission and frequently before the administration of any medication. [25] [26] [27] Likewise, Mayberry et al. 16 retrospectively examined data from two major trauma centers and noted that all strokes due to BCAI occurred within 12 hours of admission. It is noteworthy that 8 of our patients were lost to follow-up after hospital discharge. However, these patients were evaluated by both our trauma and neurosurgery teams for an average of 13 days (range 1-60 days). All patients in this group were identified as being in stable condition at their discharge, and all individuals had undergone posttraumatic head CT scanning in addition to CTA for diagnosis of their BCAI. There were no clinical or radiographic cerebral infarctions identified in this group, suggesting that the peritraumatic stroke rate may be closer to 5%. If it is argued that the scattered asymptomatic subcortical infarctions in the first presented infarction case were the unintended iatrogenic result of a postprocedural angiographic complication, the stroke rate may further decrease to 3.5%. Despite this, high-grade BCAIs represent the greatest risk of stroke when compared with our earlier investigations on lowgrade BCAIs and all grades of BVAIs. [25] [26] [27] The progression of injury does not seem to be affected by any specific medical treatment(s). Cothren et al. 8 evaluated 422 patients with BCVI, 260 of whom had either a Grade 3 or 4 vertebral or carotid artery injury. The majority of patients in their cohort (49%) were treated with heparin, 23% were treated with either ASA or a combination of ASA and clopidogrel, and 28% were not treated. The authors concluded that there was no reliable way to alter the progression of injury with or without medication. Although our earlier investigations on low-grade BCAI and BVAI noted similar results, 25, 27 our current study of high-grade BCAIs, similar to our investigation of highgrade BVAIs, lacked the variety of treatment required to suggest variability in injury progression based solely on the presence or absence of treatment, given that nearly the entire cohort received ASA. Although those individuals with Grade 3 BCAIs receiving endovascular intervention were all identified as having stable findings on follow-up imaging, previous studies have reported varying efficacy and safety for the endovascular treatment of pseudoaneurysms. 1, 4, 7, 11, 13, 19 Li et al. 14 performed a national trauma bank review concluding that there was no difference in the functional outcome between patients treated with endovascular procedures and those treated with medicine alone.
The major limitation of this study was its retrospective design. A prospective study is needed to implement various treatment strategies to verify appropriate followup protocols. Although some studies have suggested that CTA overestimates vascular injury in these blunt trauma cases, 12, 18, 20, 29 we used it in the majority of cases because of its associated comparative ease, accessibility, and safety compared with DSA, especially in critically ill patients who have sustained multisystem trauma. Use of CTA may have thus produced a falsely elevated rate of vascular injury at our center. Because these injuries reflect percentages of vessel diameter disruption, a falsely elevated rate of improvement on follow-up imaging may also be reflected in this study compared with previous studies using DSA, 5,17 especially if there was a potential overestimation of initial injury. Another limitation of this study was the lack of treatment variety in the high-grade BCAI group that would be necessary to comment on injury progression based on the presence or absence of treatment.
Because of the dynamic nature of our study population, and at times following multiple vascular injuries simultaneously, we experienced a large variability in our followup days, which did limit our ability to conclusively state timing related to the healing of these higher-grade carotid artery injuries. However, that does not diminish the fact that most of these injuries proved to be stable or had improved at final follow-up evaluation. Another limitation of this retrospective investigation is that we cannot be entirely sure that some clinically silent strokes were not missed; however, we can offer that all individuals included in this study did undergo follow-up evaluations, and thus, we are certain that all clinically apparent strokes were both identified and recorded. Although these data accumulated over the past 10 years at our institution have yielded valuable information, the data involving high-grade carotid artery injuries alone did not afford much ability for statistical analysis; however, once all of the data across all of the cervical vascular injuries have been further analyzed, we look forward to offering a well-powered analysis across all grades of blunt vertebral and carotid injuries, specifically as in relation to the risk of stroke in the setting of treatment, timing, vessel, and grade.
conclusions
The posttraumatic cerebral infarction rate for high-grade BCAI may be overestimated; however, results of this study suggest that the Grade 3 and 4 BCAIs carry the highest stroke risk of the BCVIs; those infarctions were identified either upon or soon after hospital admission. Despite a 40% recanalization rate in the Grade 4 BCAI group and an 89% rate of persistent pseudoaneurysm in the Grade 3 BCAI group, follow-up imaging showed progressive worsening without radiographic improvement in only a small number of patients, and these findings alone did not correlate with adverse clinical outcome. Followup protocols may require amending; however, further prospective studies are needed to make conclusive changes in management.
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